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Abstract: It has been scientifically proven that climate change is a reality. In subarid Mediterranean
limates, this fact is observed in the irregular distribution of rainfall, resulting in alternating periods of
more or less prolonged drought with episodes of torrential rains concentrated in short periods of
time. We have selected 11 natural areas in southern Spain, where we will observe these circumstances
and where a series of ecosystems composed of vegetation covers of a high ecological value are found.
We start from the question of whether these climatic circumstances are really deteriorating them. For
this study, we propose a method that combines three analysis techniques: the design of the time
series, the application of vegetation indices, and the use of techniques analysis of changes in land use.
From the combination of these techniques in the period from 1997 to 2021, we have observed that
there have been a dynamic of changes in land use that has maintained its original characteristics by
more than 70%, so it is possible to affirm that the adaptation of ecosystems to climatic conditions has
check for occurred satisfactorily. However, this general statement shows some particularities which are those
updates that we will show in this work.
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Application of the Analysis Time

Series and Multispectral Images for

the Estimation of the Conditions of

the Vegetation Covers of the Natural
Areas of Southern Spain. Land 2023,
12,42. https://doi.org/10.3390/ The biogeographical areas and their ecosystems of southern Europe, specifically the
land12010042 Mediterranean, have been suffering persistent meteorological droughts, torrential rains con-
centrated in short periods of time [1-5], episodes of extreme temperatures [6,7], and changes in
climatic conditions that have become increasingly accelerated and recurrent during the most
recent decades [8-14], phenomena that are attributed to climate change [15-20]. The character-
istics acquired by these episodes have serious consequences for the ecosystems of natural
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spaces and for researchers in general [27-30]. In which case it will be necessary to propose
appropriate measures for the minimization of the effects of the aforementioned phenomena.

In this context, we start from the hypothesis that the ecosystems of the natural areas of
southern Spain are differentially supporting climatic conditions, mainly focusing on the
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these areas are forced to face the challenge of knowing this dynamic to design monitoring
programs that allow a rapid assessment of the effects of environmental changes and
ecosystem conditions. Therefore, the reduction in the environmental and ecological values
that justify its valuation as a natural space and, in most cases, its protection of areas for the
preservation of particular and valuable ecosystems, must be considered with the utmost
urgency, since we would be talking about attending a relevant and contrasted fact. To
alleviate this situation, we think it is essential to work to establish the management actions
that would make it possible to maintain the conditions that led to its high valuation and,
where appropriate, its protection. One way to do this is to be able to have instruments to
evaluate with some agility the states of the different areas. With this intention, we have
applied a method to evaluate the responses of these ecosystems. Three techniques and
several instruments are combined.

First, the time series have been defined considering the precipitation parameters,
which shows the evolution and trends of rainfall regimes in the study area, between 1997
and 2021 (25 years), a procedure that has been carried out based on the abundant scientific
literature published on the subject [40—43]. The time series model has been made with
data from weather stations representing an independent estimate of the contribution of
different hydrological stresses and is based exclusively on the observed data [44,45]. For
each time series, an analysis is made of the monthly mean values of precipitation and the
relevant hydrological stresses at that time [46—48], through the application of multi-scalar
drought indices: the Standardized Precipitation Index (SPI) [49]. This index is used for
estimating wet or dry condition based on the precipitation variable. It can collect the
temporal variation in droughts. The SPI is useful in that it only requires rainfall as an input
and especially where temperature data are missing. We have not been able to complete
temperature data for the stations we have worked on, mainly when completing a sequence
with a minimum of 20 years. This wet or dry condition can be monitored by the SPI on a
variety of time scales from sub seasonal to interannual scales [50,51]. We have opted for a
12-month SPI, which is a comparison of the precipitation for 12 consecutive months with
the same 12 consecutive months during all the previous years of available data (1997-2021).
The SPI at these time scales reflect long-term precipitation patterns. Because these time
scales are the cumulative result of shorter periods that may be above or below normal, the
longer SPIs tend toward zero unless a specific trend is taking place. However, we have
not considered the use of the SPI to characterize droughts but to qualify the precipitation
values that have been used in relation to drought periods. This is intended to make an
interpretation of the data without relying exclusively on precipitation as a single input
variable [52,53].

This analysis of the climatic conditions of precipitation is completed with the data ob-
tained from three vegetation indices: the NDVI (Normalized Difference Vegetation Index),
the NDWI (Normalized Difference Water Index), and the EVI (Enhanced Vegetation Index);
basing us for its elaboration in multispectral images is the MODIS (Moderate Resolution
Imaging Spectroradiometer), what is a key instrument aboard the Terra (originally known
as EOS AM-1) and Aqua (originally known as EOS PM-1). Different studies are using
satellites, the time-series MODIS NDVI with climate and stocking data [54-57].

The focus here has been on evaluating spectral indices in terms of their sensitivity
to the biophysical parameters of the vegetation and external factors affecting the canopy
reflectance, mainly those derived from crop nutrition and humidity conditions. In addition,
however, it is believed that estimating other parameters produces good results, such as
those presented below [58,59]. First, it is worth highlighting the estimation of vegetation
vigor based on the chlorophyll content in the leaves, which is an indicator of tree nutrition
and its state of photosynthesis. In this sense, the chlorophyll content in the leaf, as the
variable most directly related to the values of this index, makes it possible to determine
the differences in the state of the health of the leaf. At the same time, it allows for the
narrowing of the interpretation that can be made to only those areas with more lush
vegetation cover [60-62]. Second, it is important to highlight the water content, either
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of the tree canopy or of the plant’s context in general. This estimation has been made
based mainly on the NDWI and indirectly through the effect of water stress on the leaf
area index (LAI) and the chlorophyll content with reference to the NDVIs. Some authors
estimate that vegetation indices based on the shortwave infrared bands (the NIR and
SWIR) provide good estimates [63]. The application of the NDWTI helps as an indicator
of potential evapotranspiration since it is related to this vegetation index through the
leaf vigor and water stress. It can be observed that some plots that showed a high vigor
in the NDVI presented values that predict a certain level of canopy water stress in the
NDWI [64,65]. Third, it is interesting to observe the photosynthetically active radiation
absorbed by the tree, especially when the leaves are horizontal, and the soil is sufficiently
dark [66,67]. Fourth, although indirectly, it is possible to estimate the green biomass that
will be determined by the age of the tree and its percentage of green cover, since healthy
adult trees show a very clear response, while areas with growing specimens or with a
greater water stress show less leaf vigor and a lower canopy lushness [68-73]. Fifth, and
bearing in mind that this study is conducted in semi-arid Mediterranean environments,
the analysis of the amount of water supplied to the canopy is fundamental, because it is
obviously directly related to the vigor of the tree [74-81].

The method is completed with an analysis of the changes in vegetation covers that
have occurred over a period of 30 years, from 1991 to 2020. The choice of these dates
is justified because the intention is to assess their status in the previous year’s closest to
those stipulated for the analysis carried out with the time series and vegetation indices
(1997-2021), and their comparison with the current situation through the process of the
analysis of the changes produced [82-86].

The selection of the best structure of the method is done through a verification based
on the reliability criteria [87]. As a result, the spatial variation in the modelled responses
and the degree of vulnerability of the ecosystems to the water conditions they have been
suffering can be observed [88]. This provides a method that combines scientific rigor with
the application of a series of proven technologies: the use of machine learning techniques
for the processing of these images and modelling processes [89], multispectral image
processing with spatial remote sensing techniques [90-92], and GIS for the management of
the information obtained [93-95]. It is specified in a method for aiding decision-making in
the management of natural areas [96]. It has been thought that it is possible to address with
these techniques and others related the processing of the data currently available for wide
spaces, almost in real time to provide information on the issue at hand [97-102].

Since the problem studied is observed in many other biogeographic spaces, this
method has been designed with the intention that it can be replicated in any area, thus
creating a geoprocessing structure that only requires the loading of data from other ar-
eas, although, obviously, it must be reviewed depending on the particularities of the
application area.

2. Materials and Methods
2.1. Study Area

The chosen study area or areas have followed a series of criteria that aim to show their
relevance through their degree of protection and management, their uniqueness, and their
longitudinal geographical distribution, i.e., from west to east, considering the influence of
the Fohn effect on their water resources and the development of their natural vegetation
and agricultural uses. A total of 11 natural areas are included in this work. In total, they
cover an area of 3338 km?. See Figure 1 for its location and Table 1 for the surface values.

The selection of the natural areas that we have made responds to the fact that our
intention is to observe the precipitation variability in and the spatial distribution of the
droughts. Different studies have shown that there is a pattern of rainfall propagation
in southern Spain, which goes from west to east in the southern sectors of the Iberian
Peninsula [103,104]. The spatial propagation of precipitation also shows the influence of
the relief on the space studied, caused by the main mountain systems. According to some
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studies, the spatial spread of droughts also shows the effect caused by the main relief
features in the space studied [105,106]. In the west, in the province of Cadiz and Malaga
and the inland, we find the Serrania de Ronda and the Sierra de las Nieves, where the
natural areas of Sierra de Grazalema and Sierra de las Nieves are located; towards the sea,
we find the natural areas of Sierra Bermeja and Real, Sierra Blanca, Canucha and Alpujata,
and Sierra de Mijas. In the center and extreme east of the province of Malaga, the natural
areas of Montes de Malaga, Sierra de Tejeda, Almijara, Alhama, Sierra de Lujar, Joldcar, and
El Conjuro are located, already in the province of Granada that are configured as medium
mountains. Moving eastwards, in the province of Almeria, the mountains are still parallel
to the coast with a higher coastal chain where the natural areas of Sierra de Gador y Enix,
Sierra de Filabres, Sierra de Cabrera y Bédar. See Figure 2 to observe the configuration of
the relief in the selected areas.

1. Sierra de Grazalema
2. Sierra Bermeja and Real
MEDITERRANEAN SEA 3. Sierra de las Nieves
4. Sierra Blanca-Canucha-Alpujata
5. Sierra de Mijas
¢ Gibrol! Al 6. Montes de Malaga
roit © 7. Sierras Tejeda, Aimijara and Alhama
Study area 8. Sierra de Lujar, Jolucar and EI Conjuro
9. Sierra de Gador and Enix
10. Sierra de Filabres
B S = 1ogM 11. Sierra de Cabrera-Bédar

St

Figure 1. Location of the study area and selected natural areas. Own elaboration based on Basic
Spatial Data of Andalusia (DERA). Statistical and Cartographic Institute of Andalusia. Government
of Andalusia.

Table 1. Surface and high values of the natural areas.

Natural Areas Areza Average Height Max. Height Min. Height

(km?) (m) (m) (m)
Sierra de Grazalema (5G) 530.4 745.6 1626.2 215.4

Sierras Bermeja and Real (SBR) 289.2 662.6 1475.9 77.6
Sierra de las Nieves (SN) 183.9 1018.8 1901.4 236.7
Sierra Blanca, Canucha, and Alpujata (SBCA) 121.8 639.2 1265.4 118.4
Sierra de Mijas (SM) 78.0 531.1 1139.6 63.0
Montes de Mélaga (MM) 49.9 647.4 1028.5 120.2

Sierras de Tejeda, Almijara, and Alhama (STAA) 400.7 1094.7 2066.6 53.6
Sierra de Lujar, Joltcar, and El Conjuro (SLJC) 127.1 927.8 1869.0 227.4
Sierra de Gador and Enix (SGE) 503.1 1186.8 2243.2 51.2
Sierra de Filabres (SF) 716.6 1336.4 2159.3 349.6

Sierra de Cabrera and Bédar (SCB) 337.0 397.4 950.3 29

Total Area 3338.1 - - -

Own elaboration based on Basic Spatial Data of Andalusia (DERA). Statistical and Cartographic Institute of
Andalusia. Government of Andalusia.
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Figure 2. Representation of relief of the study area and selected natural areas. Own elaboration
based on Basic Spatial Data of Andalusia (DERA). Statistical and Cartographic Institute of Andalusia.
Government of Andalusia.

In relation to their degree of protection and management, as natural spaces, in order
of relevance, the Sierra de las Nieves National Park stands out, declared in Law 9/2021 of
the Spanish state, due to the large floristic inventory (more than 1400 species of plants),
of which fifteen species of flora are threatened because they are unique or scarce. This
is the case of the Spanish fir or the high mountain gall oak. In addition, the study area
includes several Natural Parks: Montes de Malaga, Sierra de Grazalema (Law 2/1989, of
18 July 1989, of the Andalusian regional government), Sierras Tejeda, Almijara, and Alhama
(Decree 191/1999, of 21 September 1999, of the Andalusian regional government). All these
areas have justified their protection and management on the basis of their flora and/or by
constituting a series of functions as a bioclimatic island, fundamentally in the easternmost
areas of the study area: Sierra de Cabrera and Bédar, Sierra de Filabres, and Sierra de Gador
and Enix, or by having a series of protective functions for the population, as in the case of
Montes de Malaga and its reforestation pine forest in the interest of reducing the historical
floods that flooded the city of Malaga.

Prior to the declarations of the protection of these natural areas, there were already a
series of areas with a similar figure, the provincial Special Plans for the Protection of the
Physical Environment. These were intended to give category to the functions they had,
for example, as a buffer or limit to the exacerbated growth of urban pressure, accelerating
processes such as erosion that reverted on areas linked to strategic sectors such as the sun
and beach tourism: Sierra Blanca, Canucha, and Alpujata, and Sierra de Mijas, or to respect
and conserve these transitions between the coastline and areas of greater ecosystemic
importance, this is the case of Sierra de Lujar, Joltcar, and El Conjuro in relation to high
mountain areas (Sierra Nevada) or Sierra Bermeja and Real due to the relationship of their
plant species adapted to the materials from the Earth’s mantle, something that makes them
endemic in most cases due to the toxicity of their lithologies for the development of life
(the soils derived from peridotite rocks). See Table 2 for the quantification of the surfaces
according to the uses considered and Figure 3 for the distribution in the territory.
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Table 2. Land uses of natural areas in 2021. Areas (has).

Natural
Areas

5G 29,062.20 15,674.74 5570.21 781.61 1001.32 951.11 53,041.19
SBR 13,812.73  13,167.17 266.74 462.96 1139.98 79.13 28,928.70

Forest ASHV Crops Wetlands  Artificial Other Total

SN 10,098.47  7804.50 75.39 172.08 223.36 20.50 18,394.30
SBCA 4327.81 6872.73 476.30 67.04 250.84 187.33 12,182.06
SM 4449.76 2183.33 151.81 81.11 419.59 518.85 7804.46
MM 4354.75 288.40 176.17 61.44 94.99 19.86 4995.60
STAA 18,697.38  20,242.87 412.95 287.20 316.84 120.91 40,078.15
SLJC 2294.74 8793.98 1167.81 75.11 246.36 131.90 12,709.90
SGE 17,069.00  31,375.39 906.61 312.97 551.22 97.74 50,312.93
SF 33,794.20  29,879.95 5798.09 383.11 1120.61 689.40 71,665.37
SCB 1366.84  24,552.86  5127.36 397.25 1370.12 889.06 33,703.49

TOTAL  139,327.87 160,835.92 20,129.44  3081.89 6735.22 3705.79  333,816.15

Legend natural areas: SG: Sierra de Grazalema; SBR: Sierra Bermeja and Real; SN: Sierra de las Nieves;
SBCA: Sierra Blanca, Canucha, and Alpujata; SM: Sierra de Mijas; MM: Montes de Malaga; STAA: Sierra de Tejeda,
Almijara, and Alhama; SLJC: Sierra de Lujar, Jolticar, and El Conjuro; SGE: Sierra de Gador and Enix; SF: Sierra de
los Filabres; SCB: Sierra de Cabrera and Bédar. Legend land uses: forest, forest areas; ASHYV, areas of shrub and
herbaceous vegetation; crops, cultivated areas; wetlands, water channels and sheets; artificial, facilities, buildings,
and road network with connection to the natural area; other, other areas not included in the above: network of
unpaved roads, technical buildings, urban sprawl, etc. Own elaboration based on Geographical Information
System for the Identification of Agricultural Land Parcels (SIGPAC). Regional Ministry for Agriculture, Livestock,
Fisheries and Sustainable Development. Government of Andalusia.
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Figure 3. Location of land uses of natural areas in 2021. Own elaboration based on data of the
Geographical Information System for the Identification of Agricultural Land Parcels (SIGPAC) (2021).

2.2. Data Source

The time series shall consist of two parameters: the average precipitation as the main
parameter and the Standardized Precipitation Index (SPI) as a complementary parameter.
For the first parameter, the data of the main database of the network of the stations of the
Automatic Hydrological Information System (SAIH) Hidrosur, belonging to the Andalusian
Mediterranean Basin of the Autonomous Community of Andalusia. The SAIH Hidrosur
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Network began its operation in 1991, having provided data continuously since then. A
total of 89 stations with at least 25 years of continuous data have been analyzed for the
period between 1997 and 2021. Based on the daily rainfall, the average monthly rainfall
for each year and the total annual rainfall have been calculated. The annual precipitation
distribution data are shown in Table 3 and the process of assigning the weather stations to
each of the protected areas has been carried out through a proximity criterion. It can be
seen in Figure 4.

Table 3. Annual distribution of precipitation (L/m?) for each natural space.

Natural Areas

Years SG SBR SN SBCA SM MM STAA SLJC SGE SF SCB
1997 1080.87  1134.45 908.34 891.25 651.08 723.41 648.89 528.86 313.24 376.91 248.58
1998 632.17 683.83 596.94 597.40 355.88 396.49 353.80 303.14 162.36 185.50 157.24
1999 654.93 683.28 455.24 383.60 246.65 348.93 398.16 391.44 260.67 219.12 194.06
2000 998.33 1140.05 816.72 748.18 469.43 506.31 517.16 523.73 304.57 248.29 230.68
2001 904.63 861.58 738.61 680.83 407.18 546.69 486.44 397.49 261.92 269.39 183.76
2002 843.87 857.10 588.85 574.23 365.75 466.66 515.00 399.45 240.07 250.52 215.10
2003 1044.77  1107.83 912.30 854.53 533.63 736.96 640.38 499.63 319.47 291.06 278.54
2004 647.30 685.00 606.70 611.30 448.63 645.99 499.51 321.11 310.14 331.41 264.76
2005 433.50 494.37 334.51 360.05 202.75 276.97 239.99 181.39 150.86 126.43 166.46
2006 841.57 890.67 712.60 751.33 469.05 551.66 470.96 340.74 292.71 341.04 315.30
2007 746.90 792.08 603.37 626.13 351.25 368.20 372.27 262.38 240.83 254.40 283.12
2008 928.70 979.88 788.18 772.98 439.18 530.40 539.93 433.99 330.46 309.59 250.90
2009 1083.57  1006.35 761.10 726.78 453.13 585.71 658.72 595.96 395.53 293.91 238.12
2010 153393  1688.93 133425 143445 1011.00 876.69 911.83 830.51 554.24 387.31 360.54
2011 859.33 889.58 708.85 769.93 496.58 549.53 520.24 429.64 295.03 272.20 256.12
2012 842.60 795.00 647.54 589.25 554.13 633.13 521.21 387.24 246.33 217.61 312.56
2013 1001.00  912.70 609.01 489.50 328.58 452.83 417.95 354.31 205.72 204.37 156.90
2014 962.30 876.22 630.48 558.63 332.00 444.24 403.89 323.20 194.82 155.36 111.72
2015 582.43 659.30 481.02 434.33 344.83 368.66 323.28 320.07 256.19 242.96 213.78
2016 937.30 1021.48 729.27 721.10 622.33 539.53 403.44 370.00 285.89 262.64 253.12
2017 536.20 572.50 430.08 402.15 337.23 339.77 271.51 260.08 169.01 157.57 186.00
2018 1204.43 131648  1041.62 906.43 594.15 661.11 718.55 613.25 374.34 312.26 192.12
2019 568.13 591.17 432.08 389.10 236.48 270.14 294.35 291.00 211.22 273.16 209.38
2020 725.73 658.63 579.95 590.38 562.38 600.99 377.65 292.73 193.83 207.19 191.20
2021 652.87 690.47 390.94 403.25 379.08 371.31 349.54 286.43 256.98 255.37 276.82

Mean 858.15 885.79 673.54 654.31 451.76 514.70 47517 396.11 276.83 257.46 233.95
STD 247.64 269.49 220.84 234.42 166.41 149.85 158.15 145.39 88.07 62.86 58.71

Legend natural areas: SG: Sierra de Grazalema; SBR: Sierra Bermeja and Real; SN: Sierra de las Nieves;
SBCA: Sierra Blanca, Canucha, and Alpujata; SM: Sierra de Mijas; MM: Montes de Mélaga; STAA: Sierra de Tejeda,
Almijara, and Alhama; SLJC: Sierra de Lujar, Jolucar, and El Conjuro; SGE: Sierra de Gador and Enix; SF: Sierra de
los Filabres; SCB: Sierra de Cabrera and Bédar. Own elaboration based on Automatic Hydrological Information
System (SAIH) Hidrosur, Autonomous Community of Andalusia (Spain).

The values reached by the SPI for those same years have been obtained. The ideal is to
have a minimum of between 20 and 30 years of monthly values of precipitation, although
according to the literature, the optimal would be to have more years [107-109]. The SPIis a
powerful and flexible index and is easy to calculate; in fact, the only parameter necessary
for its calculation is the precipitation. In addition, it is effective to analyze wet periods
and cycles such as dry ones on, which we will rely to determine our time series. The
SPI is an index based on a precipitation probabilistic approach. McKee et al. (1995) [49]
developed this index with the intention of illustrating the main characteristics of droughts.
For its elaboration, the following parameters are taken into consideration: usable water
resources including the soil moisture, ground water, snowpack, river discharges, and
reservoir storages. The SPI was designed to consider the impact of droughts on these
parameters. The soil moisture conditions respond to precipitation anomalies on a scale
which is relatively short. Long-term precipitation anomalies are reflected in the waters
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underground, river flows, and storage in reservoirs [110]. The SPI data have not been
prepared by us but have been obtained through the portal https:/ /monitordesequia.csic.es/
(accessed on 21 December 2022).
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Figure 4. Assignment of weather stations to their corresponding AP according to a criterion of
distance or proximity. Own elaboration.

For the calculation of vegetation indices, we have used multispectral images from
MODIS. In this case, we used land products that are available through the Land Processes
DAAC at the U. S. Geological Survey EROS Data Center (EDC) [https:/ /Ipdaac.usgs.gov/]
(accessed on 21 December 2022).

For the quantification and typification of the different vegetation covers and for the
analysis of the changes in vegetation covers, we have used the layers of land use cover
which come from two data sources. The date of 1991 has been used as the Cartography of
the Uses and Vegetation Covers of the soil of Andalusia of the year 1984 at scale 1:25,000,
updated between the years 1988 and 1990. For the data of 2021, we have used the Geo-
graphical Information System for the Identification of Agricultural Land Parcels (SIGPAC).
The Regional Ministry for Agriculture, Livestock, Fisheries and Sustainable Development,
the Government of Andalusia (Spain).

2.3. Method

The method developed has been based on a series of requirements. First, it has
been thought that the variables have a tracking capacity, since they are expected to have
a relatively short response time so that it can allow for the adaptive management and
follow-up and for an early detection of the changes. Second, the establishment of the
reference conditions and the range of variability on which to evaluate the changes suffered
by ecosystems represents a key aspect for the evaluation of their state of these. Therefore,
the variables set out below have been used, and through which the conditions of the
vegetation covers are defined in a temporal evolution [111-118]. The applied method
follows this process, see Figure 5.


https://monitordesequia.csic.es/
https://lpdaac.usgs.gov/
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2.3.1. Time Series Design

The time series have been constructed based on precipitation and the SPI. First, the
daily precipitation data have been calculated to obtain the monthly averages for each year
and then the final average of all the seasons assigned to the same protected area; in this way,
we obtain a unique precipitation value for each of the 11 areas. From here, a classification
is made based on the values of the data for each year, attempting to know the deviations
or anomalies with respect to the average values of rainfall for each area of study. For the
construction of the time series, the following process is carried out. Five time series have
been established between the years considered (1997-2021): very wet, wet, around average,
dry, and very dry years. Each year it is ascribed to a series according to the annual rainfall.
For this, the mean and the standard deviation of the data are applied. Data on the mean
and standard deviation can be found in Table 3. It is considered that an average year is one
where the total volume of precipitation is within the interval that exists between the mean
and half of a standard deviation (x &= ®/2); a wet year is one that exceeds this interval,
being in a value between x + ®/2 and x + 3®/2; similarly, for dry years, simply change
the sign so that those between x-®/2 and x-3®/2 are considered to be so; finally, very dry
years are considered to be those with rainfall totals below x-3®/2 and very wet years are
those that show values higher than x + 3®/2 [119]. See the results in Tables 4 and 5.

Table 4. Time series (1997-2021). Criteria for category assignment: precipitation volume (L/m?).

Natural Areas

Very Wet Wet Mean Dry Very Dry

Sierra de Grazalema

>1215.80 1215.80—971.86 971.86—727.92 727.92—483.99 <483.99

Sierras Bermeja and Real >1290.02 1290.00—1020.53  1020.53—751.05 751.05—481.56 <481.56

Sierra de las Nieves >1004.82 1004.82—783.97 783.97—563.12 563.12—342.27 <342.27

Sierra Blanca, Canucha, and Alpujata >997.94 997.94—766.44 766.44—534.93 534.93—-303.42 <303.42
Sierra de Mijas >698.71 698.71-531.36 531.36—364.02 364.02—196.67 <196.67

Montes de Malaga >740.07 740.07—587.82 587.82—435.57 435.57—-283.32 <283.32

Sierras de Tejeda, Almijara, and Alhama >706.58 706.58—551.65 551.65—396.72 396.72—241.79 <241.79
Sierra de Lujar, Jolicar, and El Conjuro >607.46 607.46—467.49 467.49—-327.53 327.53—-187.56 <187.56
Sierra de Gador and Enix >401.95 401.95—-316.02 316.02—230.09 230.09—144.16 <144.16

Sierra de Filabres >356.52 356.52—290.72 290.72—224.92 224.92—-159.13 <159.13

Sierra de Cabrera and Bédar >322.02 322.02—-263.31 263.31-204.06 204.06—145.89 <145.89

Source: own elaboration based on Automatic Hydrological Information System (SAIH) Hidrosur, Autonomous
Community of Andalusia (Spain).
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Table 5. Time series (1997-2021). Assignment of years according to their categorization by the volume

of precipitation.
Series 1 Series 2 Series 3 Series 4 Series 5
Natural Areas
Very Wet Wet Mean Dry Very Dry
1998/1999/2004/
. 1997,/2000/2003/ 2001,/2002,/2006 /2007 /2008/
Sierra de Grazalema 2010 (1) 2015/2017/2019/ 2005 (1)
2009/2013/2018 (6) 2011/2012,/2014/2016 (9) 2020/2001 (8)
1998/1999/2004/
. . 1997,/2000/2003/ 2001,/2002/2006 /2007 /2008/
Sierras Bermeja and Real 2010/2018 (2) 2005/2015/2017/ -
2016 (4) 2009/2011,/2012,/2013,/2014 (10) 2019,/2020,/2021 9)
1998,/2001/2002/2004/2006/
Sierra de las Nieves 2010/2018 (2) 1997%320(2)2003 / 2007/2009/2011/2012/2013/ 1929091/92/02152/12?;)7/ 2005 (1)
2014/2016/2020 (13)
. 1998,/2000/2001/2002/2004/ 1999,/2005/2013/
S‘e"aa E(liagcla’u Ca"‘;“ha' 2010 (1) 1929071/12/020031/82?50)8/ 2006/2007/2009/2012/2014/ 2015/2017/2019/ 7
Py 2016,/2020 (12) 2021 (7)
1998/1999/2005/
. . 1997,/2003/2012/ 2000/2001/2002,/2004,/2006/
Sierra de Mijas 2010 (1) 2007/2013/2014/ —
2016,/2018,/2020 (6) 2008,/2009,/2011,/2021 (9) 2015,/2017 /2019 ()
) 1997,/2003/2004/ 2000/2001/2002,/2006,/2008/ 1998/1999/2007/
Montes de Mélaga 2010(1) 2012/2018/2020 (6) 2009/2011/2013/2014,/2016 (10) 2015/2017/2021 (6) 2005/2019 (2)
. . } 1999,/2000/2001/2002/2004/ 1998,/2007/2015/
Sierras dﬁjﬂj’gaﬁf‘lm”am' 2010/2018 (2) 1997/2003/2009 (3) 2006,/2008/2011,/2012/2013/ 2017/2019/2020/ 2005 (1)
a ama 2014/2016 (12) 2021 (7)
Sierra de Lijar, Jolticar, and 2010/2018 ) 1997,/2000/2003/ 1999/2001/2002/2006 /2008 / ;gﬁgg%gg%; 2005 (1)
El Conjuro 2009 (4) 2011,/2012,/2013,/2016 (9) 2019,/2020,/2021 ()
1997,/1999,/2000/2001/
1998/2005/2013/
Sierra de Gador and Enix 2010 (1) 2003%(1"2;8(1)2009/ 2002/ iggéggggﬁggzzon/ 2014/2017/ -
2019/2020 (7)
2021 (13)
. ! 2003,/2004,/2006/ 2000,/2001,/2002/2007/2011/ 1998,/1999/2012/ 2005/2014/2017
Sierra de Filabres 1997/2010 (2) 2008/2009/2018 (6) 2015/2016/2019/2021 (9) 2013/2020 (5) @)
1998/1999,/2001/
. ) 2003,/2004,/2006/ 1997,/2000/2002/2008/2009/
Sierra de Cabrera and Bédar 2010 (1) 2007,/2012/2021 (6) 2011,/2015,/2016,/2019 (9) 20206’)1/82/02152/02:)81)7/ 2014 (1)

Legend: value in brackets shows the number of years in each series. Own elaboration based on Automatic
Hydrological Information System (SAIH) Hidrosur, Autonomous Community of Andalusia (Spain).

Second, the SPI data have not been prepared by us but have been obtained through

the portal https:/ /monitordesequia.csic.es/ (accessed on 21 December 2022). Our work
has consisted of analyzing the data of this index for the dates of our study and with
the same temporality, that is, monthly. With the SPI, we will quantify the precipitation
deficit for the established time series, which reflects the impact of drought according to
the availability of water resources. This parameter will help us to qualify the volume of
precipitation measured and to evaluate its effectiveness on the soil. The SPI data have
been taken for each natural area and complement the long-term rainfall record for the
period analyzed (1997-2021). In this period, this record is adjusted to a distribution of
the probabilities and transformed into a normal distribution so that the SPI mean for
each area and the desired period is zero [120,121]. This method is a dimensionless index,
and it gives negative and positive values to evaluate the severity of drought and wet
conditions, respectively; positive SPI values will indicate that the precipitation is greater
than the median, and negative values, which are lower. Drought was classified according
to the categories to define the different intensities of drought according to the different SPI
values [49,122,123]. See Table 6. Data for the study area are shown in Figure 6 where the
calculation is displayed using long-term monthly precipitation data that are fitted to the
gamma probability distribution function.


https://monitordesequia.csic.es/
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Table 6. Normalized Precipitation Index (SPI) values and drought probability of recurrence.
SPI Values Catego Recurrence (1) Severity of Drought Class
sory the Episode 8
>2.0SPI Extremely wet 0 0 Wet
1.99to 1.5 Very wet 0 0 Wet
149t0 1.0 Moderately wet 0 0 Wet
0.99 t0 0.0 Normal wet 33 1in 3 years Mild wet
0.0 to —0.99 Normal dry 33 1in 3 years Mild drought
—1.0to —1.49  Moderately dry 10 1in 10 years Moderate drought
—15t0 —1.99 Severely dry 5 1in 20 years Severe drought
<—2.0SPI Extremely dry 2.5 1 in 50 years Extreme drought

(1) Number of drought periods in 100 years.

2.3.2. Construction of Vegetation Indices

Numerous vegetation indices have been used in recent years: to estimate the leaf area
index (LAI), percentage ground cover, plant height, biomass, canopy diversity, and other
parameters. Most formulae (or equations) are based on ratios or linear combinations and
many show differences in the values for measuring healthy vegetation and coverage [124-128].
Based on this knowledge of the different indices and their applications in the field of remote
sensing, it was decided to take make complementary use of the NDVI, NDWI, and EVI: the
NDVI for the normalized analysis of the vegetation vigor in order to differentiate vegetation
from other types of ground cover and to determine its general condition; the NDWI to
observe the amount of water in the vegetation and the level of soil moisture saturation; and
the EVI to differentiate the crop vitality and water stress through the amount of chlorophyll
from the vegetation covers.

Starting with the NDVI (Normalized Difference Vegetation Index), as is known, it is
based on the contrast between the maximum absorption in the red band due to chlorophyll
pigments and the maximum reflection in the infrared band caused by the leaf cellular
structure. The NDVI is directly related to the photosynthetic capacity and, therefore, to
the energy absorbed by plants. It is calculated from individual red and near-infrared
measurements. In fact, the first use [129] of this vegetation index was simply the ratio of
the NIR (near-infrared reflectance) and red (visible red band), although this should not be
called a vegetation index. As the NDVI (Normalized Difference Vegetation Index) was first
described in 1973 [130], it has the advantage of only varying from —1 to +1. This is the one
used for the advantage of being able to point out small differences in the image. A great
variety of NDVI modifications exist and are described by the numerous authors [131-135].
These indices are of the general form for the MODIS data:

NDVI = (NIR — Red)/(NIR + Red) 1)

where Rx is the reflectance at the given wavelength (nm). The NIR in the MODIS is the
reflectance or radiance in a near-infrared channel (B2), wavelength 841-876 nm. RED (B1),
wavelength 620-670 nm.

The combination of its normalized difference formulation and the use of the higher
absorption and reflectance regions of chlorophyll make it robust over a wide range of
conditions. Despite its intensive use, the NDVI saturates in cases of a dense and multi-
layered canopy and shows a non-linear relationship with biophysical parameters such as
green LAL This affects the correlation of the parameters of the NDVI with the LAI (Leaf
Area Index). To correct this, different authors have improved indices like the Renormalized
Difference Vegetation Index (RDVI) or developed the Modified Simple Ratio (MSR) [136],
in order to linearize their relationships with the biophysical vegetation parameters of
boreal forests. The RDVI (Equation (2)) was proposed to combine the advantages of the
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Difference Vegetation Index (DVI = NIR — Red) and the NDVI for low and high LAI values,
respectively. This index has been adapted of the general form:

RDVI = (NIR — Red)//(NIR + Red) ©)

To complement the information obtained with the NDVI, the NDWI (Normalized
Difference Water Index) is used, as it refers to an index derived for remote sensing related
to liquid water. It has been used by numerous authors in different circumstances [137,138]
and it is used in this study to monitor changes in the leaf water content, using near-infrared
reflectance (NIR) and shortwave infrared (SWIR) [139]. The NIR band collects the bright
reflectance of the internal structure of the leaf and the dry matter content of the sheet and
the SWIR is sensitive to the water content of the vegetation canopy and the mesophile
structure of leaves. The NDWTI it is a good indicator of deforestation and compensates for
the abrupt drop in the values of the NDVI when it saturates [140-142]. Therefore, this index
is a useful indicator of the water status of trees when it comes to withstanding drought
periods. The combination of the NIR with the SWIR eliminates the variations induced by
the internal leaf structure and leaf dry matter content, which improves the accuracy in
assessing whether the recovery of the crop moisture status has begun. The value of this
index varies from —1 to 1. These indices are of the general form (Equation (3)):

NDWI= (NIR — SWIR)/(NIR + SWIR) @)

where in the MODIS, the NIR is B2: 841-876 nm and the SWIR is the reflectance or radiance
in a shortwave infrared wavelength channel, B6: 1628-1652 nm.

As is known, each vegetation index has limitations. In the case of the NDVI, it has
been found that it is sensitive to the effects of the soil and the atmosphere; it is therefore
advisable to apply other additional indices for a more precise analysis of the vegetation.
To that end, we have applied an Enhanced Vegetation Index (EVI), which is like the
Normalized Difference Vegetation Index (NDVI) and can be used to quantify the vegetation
greenness [143-145]. However, the EVI corrects for some atmospheric conditions and
canopy background noise and is more sensitive in areas with a dense vegetation. To do
this, using this index, the difference in the radiance between the blue and red bands is
calculated [146,147]. These indices are of the general form (Equation (4)):

NIR — RED
EVI=G X QIR c1x RED _C2 x BLUE L @)

where the NIR is B2: 841-876 nm, RED is B1: 620-670 nm, and BLUE is B3: 459-479 nm.
L is a canopy background adjustment that considers the differential radiant transfer of
near infrared and red through the canopy, G is a gain factor, and C1 and C2 are the aerosol
resistance coefficients, which use the blue band to correct the influence of the aerosol on
the red band. The coefficients adopted in the EVI algorithm are L=1,C1 =6,C2=7.5, and
G =25[148].

The values of each of the applied indices show the particularities of each of the areas
analyzed, but at the same time, they show the climatic characteristics they receive from
their geographical location, although at the same latitude, separated longitudinally from
west to east. The results of the application of the indices can be seen in Table 7 and Figure 7.
The linear sum of the values of each of the indices has been made and their average value
was calculated.
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Figure 6. Annual distribution of Standardized Precipitation Index (SPI) and annual precipitation.
Sorted according to defined time series, see the reference in Table 5. Clarification of the legend. The
years of the time series, for comparison, are ordered on all graphs with the same sequence of years:
from very wet to very dry. Own elaboration based on data of the portal https://monitordesequia.
csic.es/ (accessed on 21 December 2022) for the SPI and Automatic Hydrological Information System
(SAIH) Hidrosur, Autonomous Community of Andalusia (Spain) for precipitation data http://www.
redhidrosurmedioambiente.es/saih/ (accessed on 21 December 2022).

Table 7. Average values of the vegetation indices applied (NDVI, NDWI, and EVI) for the assessment
of the state of vegetation covers.

Natural Areas Too Bad Not Good Acceptable Good Very Good

Sierra de Grazalema (SG) —0.148-0.166  0.167-0.315 0.316-0.396 0.397-0.474  0.475-0.645

Sierras Bermeja and Real (SBR) 0.129-0.308 0.309-0.393 0.394-0.454 0.455-0.514 0.515-0.643

Sierra de las Nieves (SN) 0.118-0.234 0.235-0.309 0.310-0.384 0.385-0.459  0.460-0.577

Sierra Blanca, Canucha, and Alpujata (SBCA) 0.177-0.281 0.282-0.345 0.346-0.396 0.397-0.455 0.456-0.575
Sierra de Mijas (SM) 0.089-0.211 0.212-0.279 0.280-0.350 0.351-0.417  0.418-0.515

Montes de Malaga (MM) 0.272-0.344 0.345-0.384 0.385-0.415 0.416-0.442  0.443-0.505

Sierras de Tejeda, Almijara, and Alhama (STAA) 0.036-0.215 0.216-0.288 0.289-0.347 0.348-0.416 0.417-0.554
Sierra de Lujar, Joltcar, and El Conjuro (SLJC) 0.139-0.235 0.236-0.280 0.281-0.323 0.324-0.372 0.373-0.475

Sierra de Gador and Enix (SGE) —0.067-0.148 0.149-0.195 0.196-0.242 0.243-0.295 0.296-0.413
Sierra de Filabres (SF) 0.087-0.213 0.214-0.259 0.260-0.308 0.309-0.370 0.371-0.504
Sierra de Cabrera and Bédar (SCB) —0.010-0.172 0.173-0.211 0.212-0.252 0.253-0.299 0.300-0.405

Own elaboration based on MODIS Land Products: Land Processes DAAC at the U. S. Geological Survey EROS
Data Center (EDC). https:/ /Ipdaac.usgs.gov/ (accessed on 19 September 2022).
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Figure 7. Average values of vegetation indices (NDVI, NDWI, and EVI) in relation to time series
(1997-2021). Legend. The numeric values of the horizontal axis show the time series: 1, very wet;
2, wet; 3, mean (years around the average); 4, dry and 5, very dry. When series 5 does not appear,
very dry, it means that years with that volume of precipitation have not been counted. The numeric
values on the vertical axis of the chart show the values that the indices acquire. Own elaboration
based on MODIS Land Products: Land Processes DAAC at the U. S. Geological Survey EROS Data
Center (EDC). https://lpdaac.usgs.gov/ (accessed on 19 September 2022).

2.3.3. Analysis of Land Use Change

Of the many technological and conceptual approaches to spatial data analysis, geo-
graphic information systems (GIS) have been widely used as a powerful tool to provide
reliable information in their application to land-use change analysis [149-152]. Once this
point has been reached, this methodology addresses the analysis of the land use change
patterns, focusing on changes in vegetation cover and its spatial distribution. We are based
on the change detection methodology developed by Pontius et al. [153,154] that has been
used by numerous authors for the quantitative analysis of land use dynamics [155,156].

The analysis process begins with the establishment of the temporal criterion of the
analysis, which starts in 1991 and ends in 2021. By having the land use information
layers for these periods, we proceed directly to perform the analysis that starts from the
overlapping of the land use layers for the established dates. The results of the operation
are transferred to the transition matrix for the analyzed period. The transition matrix,
or cross-tabulation matrix, is organized into rows and columns and is nourished by the
information generated in the computation of the land-use layers of the given dates. The
matrix arranges the classes of time cut 1 (Pi+): 1991 in the rows, and in the columns, the
same classes in the temporal cut 2 (P+j): 2021. The data in these matrices acquire the
following arrangement: the diagonal of the matrix is quantified by the classes of uses of the
surfaces which have remained stable between the two temporal cuts, which will receive the
denomination of persistence’s (Pjj), showing each class of use that persists in class j. While
outside the diagonal are the surfaces of those same classes that present transitions to other
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classes of uses on the reference dates and that will receive the denomination of transitions
(Pij), showing the surfaces that have undergone a transition from class i to class j, that is,
from one class of use to another. Such transitions can be of two types: loss (DECREASE)
and gain (INCREASE). Transitions can be multiple and depend on the number of classes
you have started. This is related to the levels of disaggregation of the data model that
was established at the time of analysis. As mentioned, the transitions can be of two types:
loss and gain. The losses expressed as Lij contain the surface values of each class i that
experience net losses in the period studied: 1991-2020, being its notation: Lij = Pi+ — Pjj. On
the other hand, the gains expressed as Gij include the values of the surfaces that experience
net gains in class j in the same periods; its notation is: Gij = P+j — Pjj. Other calculations
have been added to this process. One of total change, which should be understood as the
transitions of coverage in the analyzed period. For its calculation, the notation was used:
CT = Lij + Gij. Another, the net change, shows that the difference between the total values
of each class for the time moments, T1: 1991 and T2: 2020; therefore, by means of the net
change, the surfaces of each class that have undergone changes are quantified. The notation
for the calculation of the net change was as follows: Dj = P+j — Pj+. The calculation of
the exchange data must show the transitions of each coverage class; especially, it makes
sense to show if the changes in a class are constant and are related more to the changes
in the location of a class of use in the analyzed period than to transitions of that same
use, at which time its quantity would remain more or less constant if it were compared
temporarily. An example of this would be that there was the appearance of a forest in a
space where there was another kind of similar cover. The equation for its computation was
as follows: Sj = 2 x MIN (Pj+ — Pjj, P+j — Pjj).

After this process, the maps of changes have been generated, which will be valued in
their state later, correlating the results with the vegetation indices which were used.

3. Results

In this section, we will analyze the results obtained from interrelating the three vari-
ables that we have applied in this work: the climatic series (precipitation and SPI), vege-
tation indices (NDVI, NDWI, and EVI), and land use changes. We had started from the
hypothesis that the evolution of rainfall has been producing a deterioration in the vegeta-
tion covers in the biogeographic areas where natural areas are located. The study started
in 1997 and ended in 2021, although the source of the data on vegetation cover dates back
to 1991.

The temporal evolution of the annual precipitation was obtained for the 25-year study
period. The mean annual precipitation has been observed in Table 4. The moving averages
and autocorrelation treatments allowed for identifying a different cyclicity in the years 1997,
2010, which were especially wet, and 2018, highlighting these years in all the natural areas
analyzed. Additionally, on the contrary, 2005 was a very dry year, with values 40% below
being the average in the rainiest natural areas: Sierra de Grazalema and Sierra Bermeja
and Real. Additionally, the areas with especially low rainfall in natural areas with lower
precipitation values were Sierras de Lujar, Joldcar and El Conjuro, Sierra de Gador and
Enix, Sierra de Filabres, Sierra de Cabrera, and Bédar, where records that year did not reach
200 L per m?.

Regarding the SPI, Vélez-Nicolas et al. [106] have detected 26 events of drought during
the 108-year period that these authors have analyzed: 1910-1911 and 2017-2018. Twelve of
these events were severe (SPI < —1.5) and six were extreme (SPI < —2.0), with return periods
of 9 and 18 years, respectively, for an area of study close to ours, the Strait of Gibraltar. The
longest and most intensive droughts occurred during 1999-2000, 2005-2008, and 2019-2021,
coinciding with some of the driest periods that have affected the European continent and
the Mediterranean basin [157-159]. In Table 8, we have quantified the number of times
in months and years that the different values of the SPI and precipitation have occurred
during the analyzed period.
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Table 8. Frequency of SPI values and annual precipitation.

Natural Areas SG SBR SN SBCA SM MM STAA SLJC SGE SF SCB
SPI (1) Number of months
Extremely wet 1 1 2 2 2 1 2 11 11 0 0
Very wet 23 19 11 13 14 9 22 18 15 15 8
Moderately wet 30 25 31 24 21 33 27 25 24 31 43
Normal wet 120 127 95 109 92 106 129 132 118 121 107
Normal dry 88 99 125 118 129 116 92 87 99 91 112
Moderately dry 19 10 15 24 32 28 15 12 22 24 28
Severely dry 13 19 21 10 10 7 10 11 11 16 2
Extremely dry 6 0 0 0 0 0 3 4 0 2 0
TOTAL, MONTHS 300 300 300 300 300 300 300 300 300 300 300
Precipitation (2) Number of years
Very wet 1 2 2 1 1 1 2 2 1 2 1
Wet 6 4 4 5 6 6 3 4 4 6 6
Mean 9 10 11 12 9 10 12 9 13 9 9
Dry 8 9 6 7 9 6 7 9 7 5 8
Very Dry 1 0 2 0 0 2 1 1 0 3 1
TOTAL, YEARS 25 25 25 25 25 25 25 25 25 25 25

(1) The values for the evaluation of the SPI can be found in Table 6. (2) The assessment of each time series
is specific to each natural area and can be consulted in Table 4. Own elaboration based on data of the portal
https://monitordesequia.csic.es/ (accessed on 21 December 2022) for the SPI and Automatic Hydrological
Information System (SAIH) Hidrosur, Autonomous Community of Andalusia (Spain) for precipitation data
(http:/ /www.redhidrosurmedioambiente.es/saih) (accessed on 21 December 2022).

However, we have been able to verify that the annual distribution of rainfall is a pattern
that is typical of Mediterranean semi-arid climates, so it is not possible to affirm categorically
that we are in a scenario that could be decisive for the deterioration of vegetation covers
in particular and these ecosystems in general. At least, because of this cause, it has been
possible to observe that a pattern of decrease in the volume of precipitation, characterized
by an increasingly irregular distribution of precipitation, is currently normalizing. Despite
this, the vegetation covers have been withstanding these conditions. It is precisely the
quantification of the changes produced in them that we will focus on in this section of
results. In Figures 8-10, it is possible to observe the dynamics of changes that have occurred
in the last 30 years. An analysis of these changes has been carried out with the intention
of assessing the current state of the vegetation covers. The selected natural areas have
maintained a large part of the vegetation covers that characterize them. However, there has
been a dynamic of changes that have given rise to the current roof surfaces.

In Tables 9 and 10 below we can see what this dynamic of changes has been and
its quantification.

At this point we have been able to observe that the surfaces of vegetation coverts
the forest and areas of the shrub and herbaceous vegetation which have remained in a
large proportion. These represent the following proportions with respect to the total of
each natural area: Sierra de Grazalema, 84.34% (44,736.94 has of 53,041.19 has); Sierra
Bermeja y Real, 93.26% (26979.90 has of 28,928.70 has); Sierra de las Nieves, 97.33 %
(17,902.97 has of 18,394.30 has); Sierra Blanca, Canucha, and Alpujata, 91.94% (11,200.55 has
of 12,182.06 has); Sierra de Mijas, 84.99% (6633.10 has of 7804.46 has); Montes de Malaga,
92.94% (4643.15 has of 4995.60 has); Sierra de Tejeda, Almijara, and Alhama, 97.16%
(38,940.25 has of 40,078.15 has); Sierra de Lujar, Joltcar, and El Conjuro, 87.24% (11,088.71 has
of 12,709.90 has); Sierra de Gador and Enix, 96.29% (48,444.39 has of 50,312.93 has); Sierra
de Filabres, 88.85% (63,674.15 has of 71,665.37 has); and Sierra de Cabrera y Bédar, 76.91%
(25,919.70 has of 33,703.49 has). For the total area of study, this proportion amounts to
89.92% (300,163.80 has of 333,816.15 has). These figures can be seen in Figure 11.
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Figure 8. Dynamics of changes in vegetation cover (1991-2021). Natural areas to the west of the
study area. Province of Cadiz and Malaga. Own elaboration based on data of Cartography of the
Uses and Vegetation Covers of the soil of Andalusia (1991) and the Geographical Information System
for the Identification of Agricultural Land Parcels (SIGPAC) (2021).
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Figure 9. Dynamics of changes in vegetation cover (1991-2021). Natural areas in the middle of the
study area. Province of Malaga and Granada. Own elaboration based on data of Cartography of the
Uses and Vegetation Covers of the soil of Andalusia (1991) and the Geographical Information System
for the Identification of Agricultural Land Parcels (SIGPAC) (2021).
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Figure 10. Dynamics of changes in vegetation cover (1991-2021). Natural areas to the east of the
study area. Province of Granada and Almeria. Own elaboration based on data of Cartography of the
Uses and Vegetation Covers of the soil of Andalusia (1991) and the Geographical Information System
for the Identification of Agricultural Land Parcels (SIGPAC) (2021).

Table 9. Dynamics of change (1991-2021). Area in hectares.

Natural Areas

Dynamic SG SBR SN SBCA SM MM STAA SLJC SGE SF SCB
m CA-ASHV 972 87 66 194 56 89 416 781 583 3250 2097
2 CA-FOR 660 70 186 179 21 277 487 62 258 1226 74
~ OANOV-ASHV 756 2940 1053 167 0 0 1774 0 81 7 147
9] OANOV-FOR 256 3059 1736 0 11 0 399 0 17 16 0
Z SUBTOTAL 2643 6156 3041 540 88 367 3076 843 939 4498 2317
ART 1 0 0 0 0 0 0 4 0 0 34
ASHV 8005 4683 3794 4044 1454 50 11,577 6090 26,491 19,216 22,125
FOR-ASHV 5006 2922 1707 604 299 105 3381 967 1414 3400 98
92} OAV-ASHV 936 2534 1184 1864 375 43 3095 957 2806 4007 86
£ CROPS 3275 74 17 257 85 62 188 615 237 2294 2203
5 ASVH-FOR 3071 2270 1530 734 588 134 6539 1162 10,346 7348 935
E FOR 23,849 7136 4808 1791 3013 3433 5564 761 2325 15,819 211
OAV-FOR 1226 1278 1838 1624 818 510 5710 309 4123 9385 147
WET 782 463 172 67 81 61 287 75 313 383 397
SUBTOTAL 46,151 21,360 15,051 10,984 6712 4400 36,340 10,940 48,056 61,853 26,236
ASHV-CA 1068 40 22 105 27 44 117 492 564 2627 2906
FOR-CA 882 131 14 90 23 48 76 45 45 417 2
o OANOV-CA 31 12 5 3 0 0 2 0 0 0 9
< OAV-CA 314 10 17 22 17 22 29 15 60 460 7
~ ASHV-AA 448 177 38 76 172 7 140 190 434 628 1257
Eu) FOR-AA 486 831 120 109 145 74 70 46 51 297 15
A OANOV-AA 15 47 45 2 0 0 11 0 1 1 62
OAV-AA 53 85 21 64 103 14 96 6 66 194 2
SUBTOTAL 3296 1333 282 470 486 209 542 795 1220 4624 4261
ART 951 79 20 187 519 20 121 132 98 689 889
o1 TOTAL 53,041 28,929 18,394 12,182 7804 4996 40,078 12,710 50,313 71,665 33,703

Legend natural areas: SG: Sierra de Grazalema; SBR: Sierra Bermeja and Real; SN: Sierra de las Nieves;
SBCA: Sierra Blanca, Canucha, and Alpujata; SM: Sierra de Mijas; MM: Montes de Mélaga; STAA: Sierra de Tejeda,
Almijara, and Alhama; SLJC: Sierra de Lujar, Jolucar, and El Conjuro; SGE: Sierra de Gador and Enix; SF: Sierra de
los Filabres; SCB: Sierra de Cabrera and Bédar.
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Table 10. Legend dynamics of changes: acronym legend.

Changes Acronym Dynamic
5 CA-ASHV From cultivated areas to areas of shrub and herbaceous vegetation.
< CA-FOR From cultivated areas to forest.
&2 OANOV-ASHV From open areas no vegetation to areas of shrub and herbaceous vegetation.
% OANOV-FOR From open areas no vegetation to forest.
ART Facilities, buildings, and road network with connection to the natural areas.
ASHV areas of shrub and herbaceous vegetation.

. FOR-ASHV From forest to areas of shrub and herbaceous vegetation.
Z OAV-ASHV From open areas with vegetation to areas of shrub and herbaceous vegetation.
< CROPS Cultivated areas.
;_% ASHV-FOR From areas of shrub and herbaceous vegetation to forest.
R4 FOR Forest.

OAV-FOR From open areas with vegetation to forest.

WET Wetlands, water channels, and sheets.

ASHV-CA From areas of shrub and herbaceous vegetation to cultivated areas.

FOR-CA From forest to cultivated areas.
o) OANOV-CA From open areas no vegetation to cultivated areas.
ﬁ OAV-CA From open areas with vegetation to cultivated areas.
6 ASHV-AA From areas of shrub and herbaceous vegetation to artificial areas.
g FOR-AA From forest to artificial areas.

OANOV-AA From open areas no vegetation to artificial areas.
OAV-AA From open areas with vegetation to artificial areas.
OT (OTHER) ART Other areas not included in the above: network of unpaved roads, technical buildings,

urban sprawl, etc.

Own elaboration.
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Figure 11. Current surfaces of the main vegetation cover in the natural areas in hectares (2021).
Legend: SG: Sierra de Grazalema; SBR: Sierra Bermeja and Real; SN: Sierra de las Nieves; SBCA:
Sierra Blanca, Canucha, and Alpujata; SM: Sierra de Mijas; MM: Montes de Mélaga; STAA: Sierra de
Tejeda, Almijara, and Alhama; SLJC: Sierra de Lujar, Joltucar, and El Conjuro; SGE: Sierra de Gador
y Enix; SF: Sierra de Filabres; SCB: Sierra de Cabrera y Bédar. Own elaboration based on data of
Cartography of the Uses and Vegetation Covers of the soil of Andalusia (1991) and the Geographical
Information System for the Identification of Agricultural Land Parcels (SIGPAC) (2021).

Although we talk about the maintenance of the vegetation covers that form the

ecosystems of the natural areas studied, but these surfaces present an uneven state of
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conservation, based on the analysis carried out with the application of vegetation indices,
as can be seen in Table 11.

Table 11. Dynamics of change (1991-2021) and assessment of conservation status according to
vegetation indices (NDVI, NDWI, and EVI) of forest areas and areas of shrub and herbaceous
vegetation uses. Area in hectares.

N.A. Dynamic (1) Too Bad % Not Good % Acceptable % Good % Very Good % Total
Increase 17.17 0.65 1001.53 37.89 809.60 30.63 686.99 25.99 128.10 4.85 2643.39
0 Remains 97.15 0.23 6636.95 15.77 11,033.94 26.21 13,150.33 31.24 11,175.16 26.55 42,093.53
@ Decrease 1.86 0.08 225.71 9.83 1143.09 49.81 864.58 37.67 59.88 2.61 2295.12
Nat. Area 352.75 0.67 8920.01 16.82 15,361.59 28.96 15,820.08 29.83 11,635.62 21.94 53,041.16
Increase 51.33 0.83 1334.49 21.68 2440.79 39.65 1702.08 27.65 627.61 10.19 6156.29
~ Remains 1624.67 7.80 3736.19 17.94 1429.29 6.86 6957.75 33.41 7075.70 33.98 20,823.60
& Decrease 5.70 2.95 8.65 4.48 71.50 37.02 57.35 29.69 49.95 25.86 193.16
Nat. Area 1747.18 6.04 5445.88 18.83 4633.59 16.02 9091.08 31.43 8010.98 27.69 28,928.71
Increase 219.24 7.21 330.45 10.87 1289.36 42.40 1052.70 34.62 149.28 491 3041.04
Z Remains 2951.18 21.43 2348.86 17.06 2814.53 20.44 2941.51 21.36 271412 19.71 13,770.20
@n Decrease 3.08 5.23 9.10 15.46 10.41 17.68 29.48 50.06 6.82 11.58 58.89
Nat. Area 3206.75 17.43 3141.73 17.07 4550.67 24.74 4566.51 24.83 2928.64 15.92 18,394.30
Increase 65.32 12.09 79.19 14.66 151.06 27.96 168.48 31.19 76.20 14.10 540.24
5 Remains 700.01 6.57 2816.78 26.42 3348.58 31.41 2742.57 25.73 1052.31 9.87 10,660.24
a8 Decrease 3.32 1.51 27.30 12.43 50.67 23.08 104.06 47.39 34.25 15.59 219.60
Nat. Area 827.19 6.79 3037.08 2493 3669.55 30.12 3217.64 26.41 1243.19 10.21 12,181.99
Increase 0.00 0.00 16.74 19.07 46.78 53.30 10.55 12.03 13.69 15.60 87.77
s Remains 381.10 5.82 1225.17 18.72 1655.63 25.29 1567.39 23.95 1716.10 26.22 6545.41
@ Decrease 1.56 2.35 13.76 20.72 29.84 4493 16.35 24.62 4.90 7.38 66.41
Nat. Area 576.59 7.39 1427.04 18.28 1861.24 23.85 1647.08 21.10 1773.82 22.73 7804.62
Increase 104.78 28.58 132.99 36.27 104.00 28.37 18.01 491 6.84 1.87 366.63
s Remains 192.09 4.49 602.25 14.08 1163.63 27.21 1622.26 37.93 696.26 16.28 4276.48
= Decrease 17.53 15.41 44.62 39.23 34.40 30.25 16.66 14.65 0.52 0.46 113.73
Nat. Area 347.20 6.95 833.05 16.68 1364.93 27.32 1712.17 34.27 718.29 14.38 4995.49
Increase 382.02 12.42 450.48 14.65 1331.04 43.28 791.70 25.74 120.24 391 3075.49
:E Remains 3094.98 8.63 8232.16 2295 12,233.39 34.11 8504.62 23.71 3799.66 10.59 35,864.80
5 Decrease 0.00 0.00 31.10 13.81 92.59 41.13 93.05 41.33 8.39 3.73 225.13
Nat. Area 3497.34 873 8888.61 22.18 13,962.85 34.84 9629.02 24.03 3979.40 9.93 40,078.12
Increase 72.08 8.56 359.82 42.71 251.06 29.80 146.20 17.35 13.36 1.59 842.51
O Remains 1518.70 14.82 2185.62 21.33 2480.43 2421 2437.86 23.79 1623.60 15.85 10,246.20
7 Decrease 34.57 6.26 194.04 35.12 186.31 33.72 114.13 20.65 23.53 4.26 552.57
Nat. Area 1711.76 13.47 3108.54 24.46 3200.69 25.18 2838.33 22.33 1718.68 13.52 12,709.89
Increase 48.47 5.16 346.42 36.88 345.38 36.77 143.11 15.24 55.92 5.95 939.31
o Remains 4435.14 9.34 15,762.40 33.18 13,449.83 28.31 8972.38 18.89 4885.14 10.28 47,504.90
3 Decrease 39.24 5.86 306.86 45.86 198.10 29.60 91.66 13.70 33.30 4.98 669.17
Nat. Area 4716.91 9.38 16,751.90 33.30 14,282.58 28.39 9395.61 18.67 5067.96 10.07 50,312.70
Increase 853.89 18.98 1865.58 41.47 1367.49 30.40 389.17 8.65 22.14 0.49 4498.27
I Remains 11,936.51 20.17 18,552.99 31.35 12,732.91 21.52 10,573.14 17.87 5380.20 9.09 59,175.75
\ Decrease 1047.73 29.90 1702.26 48.58 615.81 17.58 118.86 3.39 19.18 0.55 3503.84
Nat. Area 14,787.96 20.63 23,728.85 33.11 15,503.89 21.63 11,446.50 15.97 5508.58 7.69 71,665.18
Increase 1198.41 51.71 631.68 27.26 306.74 13.24 104.24 4.50 76.35 3.29 2317.42
/M Remains 5439.88 23.05 5396.03 22.86 5538.51 23.47 5571.15 23.60 1656.62 7.02 23,602.20
% Decrease 1224.05 41.85 839.77 28.71 528.51 18.07 254.27 8.69 77.96 2.67 2924.56
Nat. Area 9390.80 27.86 7937.11 23.55 7104.35 21.08 6402.89 19.00 1979.02 5.87 33,703.22

(1) The concepts increase, remains, and decrease only include the quantification and valuation of land change in
forest and areas of shrub and herbaceous vegetation uses. Other uses have not been included: artificial, crops,
and wetlands, although they are in the field called natural area. Legend natural areas: SG: Sierra de Grazalema;
SBR: Sierra Bermeja and Real; SN: Sierra de las Nieves; SBCA: Sierra Blanca, Canucha, and Alpujata; SM: Sierra
de Mijas; MM: Montes de Malaga; STAA: Sierra de Tejeda, Almijara, and Alhama; SLJC: Sierra de Lujar, Joltcar,
and El Conjuro; SGE: Sierra de Gador and Enix; SF: Sierra de Filabres; SCB: Sierra de Cabrera and Bédar. Own
elaboration based on data of Cartography of the Uses and Vegetation Covers of the soil of Andalusia (1991) and
the Geographical Information System for the Identification of Agricultural Land Parcels (SIGPAC) (2021).

4. Discussion

We started from the hypothesis that the Mediterranean ecosystems of Europe and,
specifically, those of southern Spain are suffering differently from the climatic conditions
imposed by climate change [1,2,4]. These spaces have usually endured very variable
weather situations [12-14]. One of the most determining variables is the regime of rainfall
and the occurrence of droughts [8,9]. That is why we have focused on the water balance.
However, this circumstance has also been conditioned because we have not been able to
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configure a temperature database with a sufficient resolution and amplitude to cover a
series of a minimum of 25 or 30 years, as would have been necessary to be able to use it
together with the rainfall database. We are aware that the analysis of the time series can be
completed with another climatic variable such as temperatures or evapotranspiration [34].
However, we consider that the results of the evaluation carried out are consistent with the
observed evolution of vegetation covers during the last 30 years in the study area according
to the comparison we have made with other studies such as those of Novillo et al. [160],
Martinez-Fernandez et al. [161], or Lasanta et al. [162].

For the study period, the distribution of the average monthly precipitation showed a
marked variability during all the years of the period studied, with rainfall being concen-
trated in some years and having low or very low values in others, a characteristic feature of
Mediterranean climates. Regarding the evolution of precipitation, the moving averages
and autocorrelation treatments allowed us to identify a low cyclicity, although they did
show certain zonal differences.

In the first place, the number of wet years is similar in all the natural areas (between
4 and 6 years) regardless of their geographical location, whether further west or further
east of the territory of Andalusia. This has its origin in the fact that the storms follow a
trajectory from west to east, entering with more active fronts from the west or southwest
and sweeping the Mediterranean coast to the east, where they arrive weaker. This largely
explains why the average rainfall is in the natural areas to the west between 700 and
900 mm: Sierra de Grazalema, Sierra Bermeja and Real, Sierra de las Nieves and Sierra
Blanca, Canucha, and Alpujata. While to the east the records are below 400 mm: Sierra de
Lugjar, Jolticar and El Conjuro, Sierra de Gador and Enix, Sierra de los Filabres, and Sierra
de Cabrera and Bédar. In between are the natural areas that receive quantities between
700 and 400 mm: Sierra de Mijas; MM: Montes de Malaga; and STAA: Sierra de Tejeda,
Almijara, and Alhama.

Secondly, in terms of the evolution of precipitation, we have observed that the three
main series: dry periods, which we have called as the periods around the average and
wet periods which alternate, following a frequency of one or two years. This situation is
accompanied by a slight increase in the irregularity of rainfall and a greater frequency of
extreme events: drought and heavy rainfall concentrated in certain years. We observe that
periods of drought tend to be longer, something that is observed in the number of dry or
very dry years, which have been 8 years or more in the 25-year period studied. Recent
studies have found decreasing precipitation trends in the second half of the 20th century
in the Andalusian-Mediterranean coastal area [163]. This fact has been evidenced by the
information provided by the analysis of the SPI. According to the consulted works of some
authors [106,157,158,163], the analysis of the SPI shows that there is a differential behavior
between the natural areas further west and the one that are further east, fundamentally
determined by the rainfall regime that predominates in each of these areas. These conclu-
sions agree with the data provided by Merino et al. [164], who refer to a trend towards the
appearance of the negative results of the index. Although, other studies that used fewer
observatories with precipitation records and that extend until the beginning of the 20th cen-
tury have not detected appreciable changes in annual precipitation [53,165]. In view of this,
it can be affirmed that in the precipitation trends during the last decades for the south of the
Iberian Peninsula, negative data alternate with short periods of strong positive anomalies,
results that coincide with those of Penia-Gallardo et al. [166], Garcia-Barron et al. [167],
Lana and Burguefio [4], and Sousa et al. [168], who also detected an increase in the rainfall
variability in Andalusia and in the southwest region of the Iberian Peninsula, respectively,
especially during the last third of the 20th century.

In another order of things, we have observed that the changes in the vegetation cover
and evolution of the ecosystems have been conditioned in a large part by the different
climatic stages that have occurred in the south of the Iberian Peninsula, as evidenced
by Paredes et al. [169]; specifically in its Mediterranean area during the period studied
according to Aguilar-Alba [170]. The beginning of the sequence shows green covers in
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accordance with the characteristics of the Mediterranean climate, where it is common for
wetter periods to occur with drier periods, the driest being increasingly prolonged.

According to Novillo et al. [160], a clear response of vegetation indices to the more arid
conditions of this period is observed. The variability in the changes, according to the data
of the surfaces and percentages corresponding to each type, suggests specific deforestation
events, which are variable in each of the natural areas studied. Although these are not
collected systematically and permanently, since the surfaces that have remained in the same
type of cover represent a high percentage within each space, as could be seen in Table 10.
On the other hand, there have been changes in land uses due to the implementation of uses
that we have called artificial and that, in some cases, are a part of the infrastructure of the
natural area, or in others they are not in accordance or are not related to it, although the
surfaces related to these uses are really small, less than 5%, except in Sierra de Mijas, which
stands at 6.65% of the surface (518.85 has).

In general, the results of the method followed suggest that climate changes, mainly
those related to the water conditions, are influencing the evolution and transformation of
the vegetation covers that characterize the ecosystems of each of the natural areas studied.
However, these changes can be conditioned in turn by the degree of human pressure on each
of them, mainly in relation to the cultivation of new areas or the abandonment of existing
ones. In this sense, the most remarkable cultivated areas are within the natural areas of
Sierra de Grazalema occupying an area of 5570.21 hectares (10.50% of the surface of this
space), Sierra de Lujar, Jolucar, and El Conjuro with 1167.81 hectares (9.19%), Sierra Filabres
with 5798.09 hectares (8.09%), and Sierra de Cabrera and Bédar with 5127.36 hectares
(15.21% of the total area). It is noteworthy that these crop areas are in a good condition
in most cases. There is only an obvious risk of the deterioration of the spaces when the
crops are abandoned, and in the transition stage towards the climactic vegetation, there is a
deterioration of the areas they occupied. In some cases, the geoecological consequences
of an agricultural abandonment are evident, in such a way that the plant colonization
processes, and geomorphological processes are triggered in the abandoned agricultural
space within the natural area that can cause a deterioration of the ecosystem of these areas.
During the cultivation phase, the farmer has carried out a series of conditioning that, when
abandoned, causes natural processes of plant recolonization and erosion with soil losses
according to the evidence cultivated by Regos et al. [171] or Palombo et al. [172].

5. Conclusions

With the method provided, it will be possible to have a procedure that allows a broad
and detailed knowledge of the changes in uses and roofs and their state of conservation.
To contrast the results of our analysis, we propose an area of experimentation. In this area
we will check the starting hypothesis and the method designed. For this, very significant
spaces of the situation addressed are proposed: they will be the natural spaces of the
Mediterranean biogeographical region concerning the southern provinces of Spain of
Cadiz, Malaga, Granada, and Almeria.

The study of the various types of sources and the methodology applied has helped
us to advance in the knowledge of the evolution of human interventions in the natural
areas studied. It has become clear that the use and management of green covers leaves its
mark on the ecosystems of natural areas. We emphasize that it is essential to influence the
differentiation between natural and anthropogenic behaviors in the changes in land use and
changes in the vegetation cover. This is to avoid the possible masking of a natural climatic
evolution. This involves the search for common guidelines, based on as many data as
possible and the application of a coherent method, to discern whether the areas potentially
little affected by human activities, such as the natural areas studied, have responded in their
dynamics to one cause or another. The great variability in the anthropogenic activity in
southern Spain, in response to a complex pattern of human activities, in the biogeographic
spaces of severe topography and climatology, may determine the future evolution of its
natural areas. It seems that the constant threat of forest fires that beset them every summer
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will be a part of it. It is important to be aware that man’s relationship with natural spaces
during the last decades goes through his ability to modify and mask the natural evolution
of these spaces and whether there is a subordination of the anthropogenic activities to
changes in climate.

For all the analysis and the scientific literature consumed, we can understand that the
Mediterranean character of the Andalusian climate will not change but that the tendency
is that it will be accentuated both in its amplitude (the dry and warm months of the year)
and in its depth (the magnitude of aridity). This aridity will extend from the driest and
warmest bioclimatic units, taking the place of the cool and humid enclaves, producing a
simplification of the climatic diversity of Andalusia. This will affect the natural areas to
different degrees and each of them will face a process of resilience that should be monitored
with methods such as the one we provide. The above statements are based on the reports
that the different administrations of the Spanish State have been publishing. In this sense,
the different administrations have been promoting numerous studies and reports to monitor
the current and future impacts of climate change in the Spanish territory. Among them, we
highlight the Evaluation Reports of the IPCC [173], the reports of the Transparency Portal of
the General State Administration [174], or the reports of the Andalusian Portal of Climate
Change [175]. These studies are based on the use of a historical series of precipitation
and temperatures. The temperature and precipitation series of more than 2300 stations
and climate models, such as CGCM2 and ECHAM4/OPYCS3 for the periods of 1960-2100
and 1990-2100, respectively. Finally, periodic contributions are also being made regarding
the guidelines for the management of natural areas for the maintenance of ecosystem
biodiversity, such as the monograph entitled: water accounts [176].

An applied approach has been given because, in this work, it is understood that the
current technological and methodological solutions must be brought closer to the managers
of natural areas (local, regional, or national) to address one of the most important aspects
that can hinder their conservation: the evolution of the state of the vegetation covers due
to the variability in the climatic conditions. The importance of this problem increases in a
real context of climate change, which will further limit the availability of water resources
due to the scarcity and irregularity of rainfall. This situation can lead to the deterioration
of the biodiversity of natural areas, which, at the same time, suffer the constant threat
of forest fires. Added to this is the social pressure of economic agents on them, who
demand a wider economic use. To face the aforementioned challenges, researchers must
provide the technology and tools necessary to assess their status and thus have the updated
knowledge to manage these spaces: assessing the conservation status of forest masses in
a very changing context imposed by climate change we believe is a crucial aspect for the
design of conservation actions.

We understand that the sustainable territorial management of natural areas cannot be
carried out simply by considering them as an isolated spaces from their environment and
that they must be understood in the territorial framework that hosts them.

It is clear that the ecosystems of natural areas, which have maintained their adaptation
to climatic conditions, may now see their biodiversity endangered by other human-induced
causes such as the abandonment of agricultural crops in their spaces, the increase in forest
fires, which are caused by human action in most cases and are becoming increasingly
voracious, and by the urban pressures that come from its area of influence. These are
aspects that must be addressed urgently by the administrations. Additionally, for this,
instruments, and methods of analysis such as the one we have proposed in this study
are needed.

The areas of influence of these will play a crucial role in the future of their conservation
since in these areas we find multiple activities that each day enforce a greater pressure on
these spaces. Various questions arise: how can the biodiversity conditions of these spaces,
protected or not, be maintained in very dynamic territories? We think that it will not be
possible to preserve natural areas without regulating and ordering the uses of the areas
that surround them.
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